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Abstract: Agricultural soils are the primary anthropogenic source of N2O emissions, one of the most
important greenhouse gases, because of the use of nitrogen (N) fertilizers. The proposed method
provides access to an inventory of potential N2O emissions (the term potential refers to possible
but not yet actual) at a fine scale, with an annual update, without a heavy deployment linked to a
collection of field measurements. The processing chain is applied to optical satellite images regularly
acquired at a high spatial resolution during the 2006–2015 period, allowing a better spatial and
temporal resolution of the estimates of potential N2O emissions from crops. The yearly potential
N2O emissions inventory is estimated over a study site located in southwestern France, considering
seven main seasonal crops (i.e., wheat, barley, rapeseed, corn, sunflower, sorghum and soybean).
The first step of the study, that is the land use classification, is associated with accurate performances,
with an overall accuracy superior to 0.81. Over the study area, the yearly potential budget of N2O
emissions ranges from 97 to 113 tons, with an estimated relative error of less than 5.5%. Wheat,
the main cultivated crop, is associated with the maximum cumulative emissions regardless of the
considered year (with at least 48% of annual emissions), while maize, the third crop regarding to the
allocated area (grown on less than 8% of the study site), has the second highest cumulative emissions.
Finally, the analysis of a 10-year map of the potential N2O budget shows that the mainly observed
crop rotation (i.e., alternating of wheat and sunflower) reaches potential emissions close to 16 kg N2O
emitted per hectare, while the monoculture maize is associated with the maximum value (close to
28.9 kg per hectare).

Keywords: N2O emissions; classification; random forest; optical images

1. Introduction

Recent global agreements on greenhouse gas emission reductions have reinforced the need
to provide more informed national greenhouse gases inventories. Nitrous oxide (N2O) emissions
contributed substantially to the overall radiative forces [1]. As one of the most important sectors in
global anthropogenic nitrous oxide emissions (more than 60%), agriculture constitutes an important
place in anthropogenic GHG emissions [2]. The N2O is mainly released from cultivated soils, because
of increased inputs of N fertilizers, animal wastes and biological N fixation. Improving our ability
to quantify and map agricultural N2O fluxes on agricultural regional scales may help in proposing
mitigation strategies and assessing their efficiency.

The bottom-up approach provides emission inventories summed from field measurement or
model results. Intergovernmental Panel on Climate Change (IPCC) developed a protocol [3] in such a
way and proposed the use of emission factors, derived from numerous literatures, adapted for each
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emission sector (agriculture, transportation, industry, etc.). Although that methodology is seriously
criticized for agriculture sector inventory [4], it requires few variables, including the use of regional
statistics (land occupation, N fertilizer input, etc.), and allows for inventorying potential yearly N2O
emissions on the national scale in an easy way [5]. The top-down approach is based on atmospheric
measurements (from space and airborne remote sensing, static and local tall tower) combined with the
inversion model [6,7]. The latter methodology presents the advantage to give an integrative global
N2O budget estimation which, inversely to the bottom-up approach, is not subjected to the potential
high spatial N2O flux variability, depending on the soil occupation. However, while public policies
aimed at promoting mitigation strategies and the use of lower GHG emitting practices, the top-down
approach, which not takes into account the land mosaics, is definitely not adapted, especially to
discriminate natural from anthropogenic N2O emissions [2]. Moreover, both methodologies do not
take into account the spatial distribution of land cover, and thus do not allow for analyzing the spatial
pattern of potential hotspots of N2O emissions at a fine scale [8]. Thus, they are not scheduled to
reliably detect potential emissions on individual field scale, and where mitigation efforts could be
targeted in recommending alternative options of agricultural practices (such as choice of crop rotation)
to farmers.

To fix the problem, some studies proposed more complex bottom-up approaches with the use
of process-based models (Daycent, LandscapeDNDC) accounting for land occupation mapping and
influence of environmental drivers [8–12]. However, this more sophisticated methodology requests
numerous parameters and variables that may be difficult to address at larger scale than the field.
Besides, those inventories are based on the use of regional statistical census data that may generate
high uncertainties in N2O inventories.

In such a context, remote sensing technology is expected to provide spatially explicit information
of soil occupation in time. Remote sensing analysis provides more accurate crop covering data than
the census data, which are often inadequate or problematic. The land use classifications derived from
remote sensing images constitute, then, valuable information, allowing for mapping the potential
yearly N2O emissions at a fine spatial scale, consistent with fragmented agricultural landscapes.
This study aims at taking advantage of multi-temporal optical images regularly acquired during the
2006–2015 period, to propose a simple methodology to estimate potential yearly emissions of N2O
through classification maps. The paper first presents a description of the study site together with
an overview of the characteristics of in situ and satellite data. The processing steps used to map the
potential yearly emissions of N2O are presented in Section 3. The results section is divided into two
parts, the performances of land use classification obtained during ten successive agricultural seasons
are first addressed, and such information then allows for the mapping of potential emissions of N2O
and the associated errors of the main crops cultivated in Southwestern France. Finally, the limitations
of the proposed methodology and prospects are given in Section 4.

2. Experiments

2.1. Study Area

The study area is part of a French observatory, named Regional Spatial Observatory South-West
(OSR SW). The OSR SW is part of the regional Zone Atelier Pyrénées Garonne (ZA PYGAR) and the
national Research Infrastructure Critical Zone Observatories: Research and Applications (OZCAR)
[13], which are all devoted to monitoring and evaluating the natural and anthropogenic determinants
of ecosystems functioning (in terms of biogeochemical cycles) at a regional catchment scale and its
landscape. It is located in southwestern France near Toulouse (Figure 1), a 1275 km2 footprint area
centered on the coordinates 43◦2′9.5273′′ N, 1◦2′41.9482′′ E. The region is governed by a temperate
climate with Mediterranean influences, with an annual rainfall of approximately 600 mm and mean
daily air temperature ranging from a few degrees in winter to 25 ◦C in summer. The eastern part of
the site is quite flat (from 144 to 381 m, mean altitude 238.6 m), with slopes lower than 1◦, in contrast
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to the western part, where the slopes are at a mean of 4.5◦. The soils are mainly dominated by silt
(47%), followed by clay (29.7%) and sand (23.3%), indexed by three classes of the European Soil Map
(HYPRES) texture classification system (i.e., Fine, Medium and Medium Fine). Agricultural activity
occupies 90% of the landscape, with surfaces dedicated to crops, grasslands, forests, urban areas,
and water bodies [14]. The study area is characterized by a seasonality regarding the growing season
of crops, which are grouped into two broad classes; namely, summer and winter crops, depending on
their period of cultivation.
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Figure 1. Location overview of the study site in southwestern France, together with the yearly and
common footprint area, superimposed on a color-composed image acquired by Spot (14 June 2012).

2.2. In Situ Data—Registre Parcellaire Graphique (RPG)

The RPG is a geographic information system that displays detailed information on land use
and land holding structures, declared by the French farmers to obtain subsidies from European
administrative bodies. The information is supplied for agricultural surfaces (comprising 28 land-use
classes) that cover one or more adjacent plots of different crops belonging to the same farmer.
On average, 68% of these surfaces are made up of a single plot. The samples used to train and
validate the classification are selected among these plots, retaining an average of 10,000 pixels each
year, distributed according to the representativeness of the classes on the study site.

2.3. Satellite Data

Time series of high spatial resolution satellite acquisitions were constituted in the optical domain
(Figure 2). During the 2006–2015 period, the satellite acquisitions were performed by Spot-2/4/5 and
Landsat-8, using multispectral mode. The images were acquired with at least three narrow wavelengths
(green, red and near-infrared) and with a spatial resolution ranging from 10 to 30 m. An amount of
126 images were acquired throughout the decade, with a number of acquisitions per year ranging from
5 to 24 images, for 2006 and 2014/2015, respectively.
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Figure 2. Timeline of the optical satellite acquisitions performed by Spot-2/4/5 or Landsat-8 during the
2006–2015 period. The total number of images acquired per year is indicated on the right, and different
symbols to represent resolutions of 10 m (×), 20 m (+) and 30 m (o).

2.3.1. Spot Data

Spot-2, Spot-4 and Spot-5 are European satellites that were launched in January 1990, March 1998
and in May 2002, respectively [15]. These satellites have optical instruments that operate in at least
in three different spectral bands, that are green, red and near-infrared wavelengths for Spot-2 (0.545,
0.645 and 0.835 µm, respectively). In addition, the two most recent satellites provide signals acquired
in medium-infrared wavelengths (1.665 µm). The images were acquired using the multispectral mode,
at a spatial resolution of 10 or 20 m, depending on the considered satellite and spectral band.

2.3.2. Landsat-8 Data

Landsat-8 is an American satellite that was launched in February 2013 [16]. This satellite carries the
operational land imager and the thermal infrared sensor which operate in spectral bands ranging from
the visible to the thermal wavelengths. The images consist of one panchromatic band characterized by
a spatial resolution of 10 m, two thermal bands collected at 100 m, and 8 bands with a spatial resolution
of 30 m (0.440, 0.480, 0.560, 0.655, 0.865, 1.370, 1.610 and 2.200 µm).

2.3.3. Processing of Optical Images

All the images were acquired with constant geometric properties (avoiding the effect of bidirectional
reflectance distribution function) and were ortho-rectified using CNES ortho-rectification tools.
The detection of clouds and their shadows on the soil and the correction of atmospheric disturbances
(i.e., aerosol effects) were based on the multi-temporal algorithm developed by [17], which is based on
the assumption that surface reflectance and aerosol optical properties vary differently according to
time and location.

2.4. Methodology

The proposed sequence of steps for estimating potential N2O emissions is illustrated in Figure 3.
After the pre-processing step, the multi-temporal reflectances acquired throughout the agricultural
season are used to produce annual land use classification at the initial image resolution. The algorithm
and the main processing steps are described in Section 2.4.1. Once the classifications are produced,
the spatial resolution is harmonized with pixels of the same size of 20 by 20 m. The yearly maps of
N2O are finally estimated through an inventory approach (emission factor is provided together with
values of mineral nitrogen inputs in Section 2.4.2), while the confusion matrix is used as a basis for
calculating an error on the yearly budget of N2O emissions (procedure described in Section 2.4.3).
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2.4.1. Land Use Classification

Every year, the multi-temporal reflectances constituted the input variable of a Random Forest
(RF) implemented in the Orfeo ToolBox [18]. Such a classifier has been widely used in different fields,
offering satisfactory performances when combined with remote sensing images [19,20]. The statistical
approach presents several advantages—a reduced over fitting, a low influence of noise on the data,
and a high stability of the results—which mainly come out of the bootstrap aggregating procedure (also
called bagging). An ensemble of independent trees is constructed on a subset of bootstrap samples
derived from the original dataset and aggregated through means of a majority vote, in the cases
of classification.

The training and validation steps are performed on independent subsets of samples containing
50% of the data. The robustness of the approach of classification is tested by repeating the learning
and validation phases 10 times on different randomly selected subsets of samples. For the sake of
conciseness, the results presented hereinafter only focus on one case—performance obtained on the
different subsets being stable without any bias.

The validation of the land use classification maps is performed by deriving several classical indices
from the confusion matrix. The numbers of correctly and incorrectly classified pixels are combined to
compute the rates of true positives (i.e., the rate of well-classified pixels), false positives (i.e., the rate of
reference pixels wrongly placed in other classes) and false negatives (i.e., the rate of pixels placed in
one class but belonging to another). For each considered crop class, those parameters are combined
to derive the precision (i.e., percentage of pixels coming from the reference class that were assigned
to the right group), the recall (i.e., percentage of correctly classified pixels with respect to the total
number of pixels in the class) and the F-score (i.e., harmonic average of the precision and recall [21,22]).
This latter score has the advantage of increasing when the precision and recall are close and high, and of
decreasing strongly when one of the parameters is low. Finally, two metrics are retained to estimate the
overall accuracy of the yearly land use classification maps; that is, the kappa (i.e., relative difference
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between the proportion of agreement observed and the proportion of random agreement) and the
overall accuracy (i.e., ratio of correctly classified elements to total number of elements examined).

2.4.2. Mapping of N2O Emissions

The IPCC Tier 1 approach ([3], Equation (1)) was partially applied for each year and for each crop
class at pixel spatial scale.

N2ODirect = (FSN + FON + FCR + FSOM) × EF (1)

where:

N2ODirect = annual direct N2O emissions produced from managed soils, kg N2O year−1;
FSN = annual amount of synthetic fertilizer N applied to soils, kg N year−1;
FON = annual amount of animal manure, compost, sewage sludge and other organic N additions

applied to soils, kg N year−1;
FCR = annual amount of N in crop residues (above-ground and below-ground), returned to soils,

kg N year−1;
FSOM = annual amount of N in mineral soils that is mineralized, kg N year−1;
EF = emission factor for N2O emissions from N inputs, kg N2O (kg N input)−1.

A default value for EF was used and set at 1.57% (with a range uncertainty of 0.471–4.71%) N2O
emitted from the annual amount of synthetic fertilizer N (FSN) applied only, the other N input not
being available at this time for our study scale. The mean annual values of mineral N applied per crop
species were referenced by the French ministry of agriculture and food for two investigation campaigns
conducted in 2006 and 2011 (Table 1, [23]). Only a few variations in mineral inputs were observed
between the two investigation campaigns (maximal difference was observed for barley). The mineral
nitrogen input depends on the considered crop; wheat, rapeseed and corn showing the highest values
(ranged from 149 to 190 kg N per hectare). At the opposite side, soybean is grown without the input of
mineral nitrogen.

Table 1. Average of the mineral nitrogen input and of the associated potential N2O emissions per
crop type, for the two available investigations conducted in 2006 and 2011, by the French ministry of
agriculture and food.

Crop Species

Agreste 2006 Agreste 2011

Mineral
Nitrogen Input

Annual N2O
Emissions

Mineral
Nitrogen Input

Annual N2O
Emissions

kg of N.ha−1 kg of N2O.ha−1 kgN.ha−1 kg of N2O.ha−1

Wheat 149 2.34 149 2.34
Barley 100 1.57 81 1.27

Rapeseed 165 2.59 158 2.48
Corn 190 2.98 184 2.89

Sunflower 53 0.83 54 0.85
Sorghum 56 0.88 59 0.93
Soybean 0 0 0 0

The yearly maps of N2O emissions were computed considering two periods from 2006 to 2010 and
from 2011 to 2015, using, respectively, the mineral nitrogen input observed during the investigation
conducted in 2006 and 2011. Finally, the yearly maps of potential N2O emissions were used to derive
estimated amounts over the study area, which are associated to corresponding errors computed by
taking advantage of the confusion matrix.



Atmosphere 2020, 11, 1188 7 of 18

2.4.3. Errors on N2O Emissions Derived from the Confusion Matrix

The errors on N2O emissions are derived from the yearly amounts of N2O emissions (Yearly
E-N2O) and the rate of error on emissions, defined as the ratio between the potential emissions of
the incorrectly classified pixels (E-N2OICP) and those of the correctly classified pixels (E-N2OCCP)
(Equation (2)).

E−N2O = Yearly E−N2O×
E−N2OICP
E−N2OCCP

(2)

The confusion matrix of each yearly land use classification is thus used to estimate the yearly
E-N2O, by considering the correctly and the incorrectly classified pixels and their corresponding
mineral nitrogen input. In cases where the pixels are well classified (i.e., the diagonal cases of the
confusion matrix), the errors are calculated in a "normal way", considering the number of pixels of the
class in question (NP), the mineral nitrogen input (MNI), the emission factor (EF) and the scale factor
(SF) (the pixels being 20 by 20 m2) (Equation (3)).

E−N2OCCP =
i=n∑
i=1

NPi ×MNi × EF× SF (3)

where n is the number of crop classes.
In cases where the pixels are misclassified, the errors are calculated by taking into account all

the possible confusion for a considered culture and summed (Equation (4)). For a given class, the
potential emissions of N2O of the incorrectly classified pixels are derived from the number of pixels of
the confusion class, the absolute difference between the mineral nitrogen input of the reference class
and that of the confusion class, the emission factor as well as the scale factor (Equation (5)).

E−N2OICP =
i=n∑
i=1

E−N2OICPi (4)

Where E−N2OICPi =
∑i=m

i=1
NPm × |MNIm −MNi| × EF× SF (5)

where m is the number of crop confusion classes.

2.4.4. Errors on N2O Emissions from Emission Factor

In many cases, the default value of the EF could be adequate; however, many studies suggest
that this emission factor could be different according to environmental factors (climate, soil organic C
content, soil texture, drainage and soil pH) and to management-related factors (N application rate,
fertilizer type, type of crop) [3]. The IPCC Guideline proposed for EF a variation range of 0.471–4.71%
that we used to calculate an associated uncertainty to annual potential N2O emission was estimated
for each year over the study area.

3. Results

3.1. Accuracy of 10 Years of Land Use Classification

3.1.1. Overall Performances

The overall performances of the classifications can be analyzed using indices, such as the
kappa (relative difference between the proportion of agreement observed and the proportion of
random agreement) which varied between 0.78 and 0.87, or the overall accuracy (ratio of correctly
classified elements to total number of elements examined) which ranged from 0.81 to 0.89 (Table 2).
The classifications are characterized by a high level of performances, which appears consistent with
previous studies based on comparable methodology [24,25]. The use of multi-temporal high spatial
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resolution images for land use discrimination leads to interesting accuracy, although the results
are influenced by the regularity of satellite acquisitions [26,27]. The poorest performances are thus
associated to the years 2007, 2008 and 2009, being related to the absence of images from the middle
of April to the middle of June mainly due to cloudy conditions (see Figure 2). During this critical
period, the stem elongation, the flowering, the development of fruit and the ripening are observed for
the "winter crops" (i.e., wheat, barley and rapeseed), while the “summer crops” (i.e., corn, sunflower,
sorghum and soybean) are sown and show a fast growing season (the inflorescence emergence being
observed in June in the early sown plots). Consequently, this period can be considered critical for the
study area, with a succession of several phenological stages which steeply affect the dynamic of satellite
signals [28,29]. In this context, microwave data acquired by the Sentinel-1 A and B satellites offer an
alternative to optical data during cloudy periods. Various studies have thus shown the interest of using
such images by combining them with optical images to increase the observation capabilities of the area
of interest, or to replace them during critical periods throughout the agricultural season [25,26,30].

Table 2. Overall performances of the yearly classifications (kappa and overall accuracy) for the
2006–2015 period.

Years 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Kappa 0.83 0.79 0.78 0.79 0.83 0.83 0.84 0.86 0.86 0.87
Overall Accuracy 0.85 0.82 0.81 0.82 0.85 0.85 0.86 0.88 0.88 0.89

3.1.2. Variation of the Inter-Annual Crop Classes Abundance

The seven considered crop classes occupy, in total, from 44.0 to 54.4% of the study area (extreme
values observed in 2007 and 2013, respectively), and show highly contrasted abundance, depending on
the study year (Figure 4). During the study period (2006–2015), wheat occupies more than 18% of the
surface of the study area. The maximum area allocated to wheat is observed in 2013—the crop was then
grown on 25.5% of the study site. The two other winter crops are less cultivated, as evidence by the
maximal abundance of 5.2% and 2.9% for barley and rapeseed, respectively. Sunflower and corn are the
main summer crops cultivated on the surface, ranging from 11.2 to 16.6% and 5.1 to 7.6%, respectively.
The two last considered crops, sorghum and soybean, never exceed 3% of the landscape. The two main
encountered crops (i.e., wheat and sunflower) are associated with the maximal inter-annual amplitude
of abundance variation, showing a difference between the minimal and maximal abundances of 7.5
and 5.4%, respectively. At the opposite, the percent of surface, allocated to rapeseed is almost stable
(with a maximal inter-annual range of 1.2%).
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3.1.3. Main Confusions between the Classes of Interest

The seven considered crop classes are differently affected by the confusions. Indeed, the mean
rate of confusion varies according to the accuracy of each crop class (Figure 5), which itself varies
according to its occurrence in the landscape (Figure 4), the quantity or/and the date of images used for
classification and the homogeneity of the class.
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Figure 5. Mean precision (a) and associated confidence interval (95%) (b) of the classifications per crop
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or largest error (b). The zero confidence values indicate cases where there are not data every year.

Figure 5a shows on the diagonal that winter crops (wheat, rapeseed, barley) reach, over the
10 years, a mean precision varying between 0.85 for barley and 0.94 for rapeseed (or F-Score 0.78 and
0.95, respectively). The results are very significant, since the confidence interval for winter crops shows
an error lower than 5% (less than 0.05 in the Figure 5b). In addition, winter crops are mixed together,
which is very consistent in terms of agronomy, given the growing seasons of these crops and their
comparable structures (particularly for wheat and barley). This is similar for summer crops (maize,
sunflower, soybean and sorghum), the mixtures are internal and mainly affect the less-well detected
classes. For the main summer crops, the mean accuracy for the 10 years is 0.94 for maize (F-Score = 0.94)
and 0.95 for sunflower (F-Score = 0.96). These two classes are overestimated with false positives
which can reach 15% for sorghum class for maize (Figure 5a) and 10% for sunflower. For soybean
and sorghum, very poorly represented at the study site (Figure 4), the precision varies from 0.61 for
sorghum (F-Score = 0.48) to 0.81 for soybean (F-Score = 0.75). These classes are under-represented,
but the error is less than 8% (Figure 5b). Sorghum was absent from the study site in 2007 and cannot
benefit from an error calculation.

3.1.4. Consistency of Satellite-Derived Classifications with Departmental Statistics

The results presented above show that the classifications were associated with high levels of
performance, validated on datasets independent of their implementation and associated with a
magnitude comparable to different previous studies. The annual crop classifications then allow for a
follow-up of the areas allocated to each crop, confirming that wheat and sunflower are the winter and
summer crops mainly grown within the study area, respectively. Finally, the confusions between the
seven crop classes are mainly observed between these two types of crops (i.e., winter and summer),
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and can be explained by almost synchronous development periods, or even by similarities in the
architecture of the plant cover.

The allocated surfaces of the seven considered crop classes derived from the 10 years of land use
classification are finally compared to the statistics referenced by the French ministry of agriculture and
food [23] (Figure 6). The comparison is provided for two departments, the study site being located
straddling on Gers and Haute Garonne (without covering the entire surface area of these departments).
The percentages of allocated surface derived from the classification appear consistent with both
departments, as confirmed by the high values of the coefficient of determination: R2

GERS = 0.92 and
R2

HAUTE GARONNE = 0.98. The main differences concern the surfaces allocated to corn (which are under-
or over-estimated, depending on the department taken as reference), and the two principal crops,
sunflower and wheat (which are over-estimated; percentage derived from classifications being closer to
data observed in Gers department). Those differences between classification and departmental data are
related to both (i) the spatial footprint (with 1275 km2 the study area not covering the entire surface of
one of the reference departments) and (ii) the specific location (located in an specific agricultural region
where land use and agricultural practices can be different from those observed at the department scale)
of the study area.
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Gers and Haute Garonne counties (squares and circles, respectively).

3.2. Analysis of the Maps of N2O Emissions

3.2.1. Analysis of the Yearly Potential Budgets

Over the study area, the potential yearly budget of N2O for the seven crop classes ranges from
97 to 113 tons, extreme values being estimated for the years 2015 and 2013, respectively (Figure 7a).
The maps of N2O emissions for these two years are presented in Figure 7b,c, showing values of
emissions per pixel range from 0 to 0.12 kg (for soybean and corn, respectively) corresponding to a
maximum of 2.89 kg of N2O emitted per hectare. The inter-annual variations are explained not only by
the total surface allocated to crops but also by the land use changes. Indeed, maximum yearly N2O
budgets are observed for the years with the highest crop covering of the study area. However, 2015
is the year with the lowest annual N2O budget but not with the lowest crop covering. This year, the
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surfaces allocated to wheat are lower (compared to 2013), and two crops associated to lowest N2O
emissions (i.e., sorghum and soybean) (see Table 1 for their potential N2O emissions) present higher
abundance rates (Figure 4). Apart the maximum value of 2013, only few variations are observed
between the yearly budgets, with a mean close to 100 tons over the study area, and an error lower than
6 tons. Error level variations can vary by a factor of two—that is from 2.6 to 5.4 tons. The maximal
value observed during the year 2009 is mainly related to the confusions between the three winter crop
classes (i.e., representing almost 44% the error), with 27% for the only confusion between wheat and
barley crop classes. A significant part of the error is also associated with the confusion between the two
summer crops, namely maize and sunflower, reinforced by the difference in mineral nitrogen input
observed between these two crops (Table 1). A reduction in crop class confusions would obviously
improve firstly classifications and consequently the resulting N2O estimates. Nevertheless, the level of
uncertainty associated with the emission factor represents a much larger source of variation (or error).
Thus, the proposed procedure based on the two extreme values of the emission factor (i.e., 0.471–4.71%
presented in 3.4) leads to estimates ranging from 29 to 34 tons for the minimum bound, and from 290
to 340 tons for the maximum bound. Consequently, compared to this factor of 10, the error deduced
from the classifications appears to be very acceptable.
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The inter-annual variations in N2O emissions are illustrated through the difference observed
between the two extreme years—that is 2013 and 2015 (Figure 8a). The map gives access to the
location of the difference, for which values can either be negative, null, or positive (ranging from
−2.89 to 2.89 kg of N2O emitted per hectare), depending on the land use and/or on the crop rotation.
Different cases are thus observed, the absence of difference in N2O emissions being related to (i) areas
not cultivated with one of the seven considered crops (cases not considered in the following) or
(ii) areas cultivated with the same crop in both years. This latter case represents 41.2% of the analyzed
agricultural surfaces (Figure 8b), among which the crops of wheat, sunflower and corn are cultivated
on the same areas for more than 95% of the pixels (i.e., respectively, 53.3%, 29.9% and 12.2% for the
three considered crops). Areas associated with negative or positive values correspond to changes in
land use, with the following cases: (i) moving from an uncultivated area to a cultivated area with
one of the considered N2O-emitting crops and vice versa (cases abbreviated CO-2013 and CO-2015
for Crop Only in the Figure 8b) or, (ii) rotation with one of the considered crops, characterized by a
lower or higher emission rate (only the higher rate are retained in Figure 8b, and abbreviated HE-2013
and HE-2015—HE-2013 corresponding to lower emissions in 2015 and conversely HE-2015 to lower
emission in 2013). The explanative contribution of each of these cases in the difference of potential
N2O emission, observed between the years 2013 and 2015, is finally analyzed by retaining the four
last cases (i.e., CO-2013, CO-2015, HE-2013 and HE-2015) and the areas cultivated with the same crop
(abbreviated SC) in both years showing similar N2O emission are not considered in the following
analysis (Figure 8c). Whatever the considered case (CO or HE), potential emissions estimated in 2013
are higher than those obtained in 2015. Rotations with crops characterized by a higher emission rate in
2013 or 2015 (HE-2013 or HE-2015) occupy neighboring surfaces (i.e., 14.4% and 14.5%) (Figure 8b),
but cumulative N2O emissions in these areas are higher in 2013, reaching 12 tons compared with
8.9 tons in 2015. This result is explained by the cultivation of a more N2O-emitting crop in the rotation
(for instances wheat instead of barley, or maize instead of sunflower). Finally, the areas cultivated only
in 2013 or in 2015 (CO-2013 or CO-2015) have a difference in surface close to a factor of two (i.e., 9.8%
and 20.1%, Figure 8b), which explains the higher emissions observed in 2013 with 25 tons, compared to
11.6 tons in 2015 (Figure 8c). In the end, the balance of emissions between the four considered cases is
around 16 tons.

3.2.2. Variation of the Inter-Annual Relative Emission

The relative emissions associated with each of the studied crops are presented in Figure 9. They are
derived from estimates of the potential yearly budget of N2O over the period 2006–2015. The relative
emissions associated to wheat are the most important regardless of the considered year, with relative
values ranging from 48.6 to 60.7%. This crop is mainly grown in the study area (Figure 4) and is
associated with a high emission rate of 2.34 kg N2O.ha−1 per year (value just behind that of rapeseed and
maize; Table 1). At the opposite side, soybean is characterized by a zero-emission rate, and obviously
has zero relative emissions. The values associated with the two other summer crops are particularly
interesting. Indeed, the relative emissions associated with maize, between 16.5% and 24.9%, exceed
those associated with sunflower, which vary between 10.7% and 16.1%. The area allocated to maize
cultivation is, however, less important than that allocated to sunflower (between 5.1% and 7.6% and
between 11.2% and 16.6%, respectively; Figure 4), but maize is associated with the maximum emission
rate, more than three times higher than that of sunflower. The leadership of maize regarding the
relative emissions of summer crops tends to decrease, with the area allocated to this crop showing a
slight decrease over the decade studied.
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the abbreviations “SC” “CO” and “HE” correspond to the “Same Crops” cultivated during the two
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the specific year).

3.2.3. Overview of 10-Years of the Potential N2O Budget

The map showing the balance of potential emissions displays considerable variability at the
landscape scale, with values ranging from near zero to 28.9 kg of N2O emitted per hectare (Figure 10a).
The spatial patterns observed are closely related to the topography and to the associated cultivated
crop species. Areas with high emissions constituting “hot spots” are located in the valleys. They are
mainly associated with irrigated corn cultivation. On the other hand, areas with steeper slopes are
associated with lower emission levels (around 15 kg N2O per hectare over the period 2006–2015) and
are characterized by rotations of winter and summer crops. The high spatial variability observed in
the 10-years N2O budget over the study area clearly depends on the land use. The non-zero values



Atmosphere 2020, 11, 1188 14 of 18

observed in the maps are analyzed through the histogram presented in Figure 10b, allowing deeper
analyzes regarding the encountered agricultural practices.Atmosphere 2020, 11, x FOR PEER REVIEW 14 of 19 
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Over the study area, 80% of potential emissions are less than 18 kg N2O per hectare over the
period 2006–2015. With an occurrence exceeding 15% the range 15–16.5 kg N2O emitted per hectare
for the ten years is the most represented. Such a level of emission is subsequent of a typical rotation
observed over the study area, between the main cultivated winter and summer crops that are wheat and
sunflower. With 28.9 kg N2O emitted per hectare, less than 2% of the study area presents the highest
possible values and corresponds to ten years of monoculture of maize in the valley. Since maize benefits
from the highest N input, higher N2O emissions are estimated on fields where such a crop is cultivated.
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The absence of crop rotation on these plots can be explained by a specific development, either by
wet conditions favored near rivers, either notably with access to water resources via infrastructures
such as pivots, which cannot be moved to other plots, and which offer maximum profitability with
the cultivation of maize during summer. In addition to having a high potential of N2O emission,
these plots are privileged areas for the resistance of certain pests, such as the maize borer. Conversely,
agricultural practices that account for soybeans in rotation have the lowest potential emission levels.
However, at the scale of the study site, it represents less than 2.5% of the territory (maximal value
observed in 2010), being most often located on plots offering access to irrigation. In addition to the
absence of emission in the proposed inventory approach (because of the non-fertilization associated
with the soybean), the crop offers the advantage of setting the atmospheric N, which constitutes an
advantage for the next crop.

4. Discussion

This method provides access to an inventory of N2O emissions, at a fine scale, with an annual
update, without a heavy deployment linked to a collection of field measurements. The entire chain
can be applied to optical images, and therefore is fully compatible with satellite missions, such as
Landsat-8 or Sentinel-2. Moreover, complementary satellite data can be integrated for deriving land-use
products at different scales and over various locations, considering, for instance, the microwave data
acquired by the Sentinel-1 satellites or other on-going missions [25]. From the land-use products, the
yearly potential N2O emissions inventory is computable over specific study sites (as presented in this
paper), as well as at the country scale (by using for example the recent Theia land-use maps produced
over the entire of France, which present crop classes close to the classifications used in the proposed
approach [31]). This simple method of implementation has limits, of course, and some points are to be
considered for future improvements. Limits mainly concern the lack of considering the influence of the
meteorological variables, notably the precipitation (total amount and distribution among the seasons),
and of the agricultural practices (tillage, nitrogen input modalities, residues management, irrigation,
etc.), that strongly impact the N2O production processes [32–37]. Deriving potential N2O emissions
solely on the basis of N inputs can lead to an underestimation of the estimated values, particularly in
the case of soybean crops. In this case, the estimated potential emissions from our study are zero, while
the emissions observed in situ, which depend on other factors, are not [38,39]. Then, the emission
factor value and values of mineral nitrogen inputs used are subject to criticism. Moreover, in most
managed soils, an increase in available N not only depends on synthetic N fertilizer input but also
on organic N fertilizer application and on the soil potential mineralization, the latter depending on
nitrogen and carbon content in crop residues (below-ground and above-ground) and on soil organic
matter content [40,41].

This inventory method could be improved by taking into account the total available nitrogen
in benefiting from the recent or in progress development of new remote sensing products, such as
mapping of crop yield (allowing for estimating N in crop residues, [42]) and mapping of clay and soil
organic matter content (allowing for estimating “background” soil N organic content, [43]). Moreover
the consideration of such a key drivers’ effect, easily accessible on a larger area than plot scale, has been
analyzed and formalized in an empirical model developed in southwestern France [44] that could
be coupled with remote sensing products (i.e., land use maps and vegetation index derived from
optical images) and applied in a generic way on large area. However, access to specialized organic N
fertilizer application information remains challenging. Other improvements could be enhanced to our
inventory method by integrating the crop rotation aspect, with variable values of mineral nitrogen
inputs depending on the previously cultivated crop. With this same idea, a finer mapping of the
succession of surface states and implemented cultural practices would refine estimates of potential
emissions of N2O.
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5. Conclusions

This paper presents a useful methodology to access yearly potential N2O emissions inventories
over agricultural landscape at a fine spatial scale, based on optical satellite images and a theoretical
amount of mineral inputs of N. The proposed approach provides a simple processing chain fully that
is reproducible when the area of interest has information on land use or satellite imagery. The main
results of this work concern the accurate performances associated with the land use classification (with
kappa superior to 0.78), which allows for the yearly estimates of N2O emissions at a spatial resolution
of 20 by 20 m2 and analyzing the effect of crop rotation choices and their distribution in the territory
landscape on the latter. The yearly potential budget of N2O emissions derived over the study area,
showed values ranging from 97 to 113 tons for the 2006–2015 period with a relative error of less than
5.5%. The mapping of 10 years of potential N2O emissions shows strong contrasts, with minimal
budgets when soybean is regularly cultivated in the crop rotation. At the opposite side, the maximum
values are associated to the monoculture maize (28.9 kg of N2O emitted per hectare). In this range of
values, the mainly observed rotation with alternating wheat and sunflower crops reaches potential
emissions close to 16 kg of N2O emitted per hectare. This simple approach clearly highlights the effect
of crop rotation type, “economically” chosen and/or constrained by the topography, on the potential
annual N2O emissions at a territory scale. In this study, potential N2O emissions are estimated by
considering an inventory aspect, which is a first step that could be completed by the identification of
the main spatializable drivers of the flux dynamics, in order to identify mitigation strategies.
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